CD175 or Tn antigen is a carbohydrate moiety of N-acetylgalactosamine (GalNAc)α1-O-linked to the residue of amino acid serine or threonine in a polypeptide chain. Despite the chemical simplicity of the Tn antigen, its antigenic structure is considered to be complex and the clear determinants of Tn antigenicity remain poorly understood. As a consequence, a broad variety of anti-Tn monoclonal antibodies (mAbs) have been generated. To further investigate the nature and complexity of the Tn antigen, we generated seven different anti-Tn mAbs of IgM and IgG classes raised against human Jurkat T cells, which are Tn-positive due to the low activity of T-synthase and mutation in specific chaperone Cosmc. The binding analysis of anti-Tn mAbs with the array of synthetic saccharides, glycopeptides and O-glycoproteins revealed unexpected differences in specificities of anti-Tn mAbs. IgM mAbs bound the terminal GalNAc residue of the Tn antigen irrespective of the peptide context or with low selectivity to the glycoproteins. In contrast, IgG mAbs recognized the Tn antigen in the context of a specific peptide motif. Particularly, JA3 mAb reacted to the GSPP or GSPAPP, and JA5 mAb recognized specifically the GSP motif (glycosylation sites are underlined). The major O-glycan carrier proteins CD43 and CD162 and isoforms of CD45 expressed on Jurkat cells were precipitated by anti-Tn mAbs with different affinities. In summary, our data suggest that Tn antigen-Ab binding capacity is determined by the peptide context of the Tn antigen, antigenic specificity of the Ab and class of the immunoglobulin. The newly generated anti-Tn IgG mAbs with the strong specificity to glycoprotein CD43 can be particularly interesting for the application in leukemia diagnostics and therapy.
Introduction
The Tn antigen was initially described as a carbohydrate antigen on the surface of red blood cells from patients with a very rare Tn-syndrome (Dausset et al. 1959; Berger 1999) . The discovery of the Tn antigen expression in a variety of malignant disorders has opened up a new interest for this moiety as a cancer-associated marker (Springer 1995 (Springer , 1997 . Specific expression of the Tn antigen on the surface of malignant cells underlies the development of anti-cancer vaccine containing the Tn epitope (Springer 1997; Danishefsky and Allen 2000; Xu et al. 2004) . Alternatively, passive administration of antibodies (Abs) directed against the Tn antigen had a potential effect in cancer therapy (Welinder et al. 2011) . Anti-Tn mAbs were also shown to be effective as diagnostic tools for in vivo imaging of Tn-expressing tumors (Danussi et al. 2009 ). Despite a clear and defined structure of carbohydrate part of the Tn antigen, its real epitope architecture may have a more complex nature. Some of the reported Tn-specific Ab recognized only the GalNAcα monosaccharide (O'Boyle et al. 1996; Avichezer et al. 1997) . For the other Abs, the binding was dependent on both the glycan and the peptide sequence (Reis et al. 1998 ). In addition, the clusters composed of two or three consecutive glycosylated serine/threonine (Ser/Thr) were also contributed in the formation of the Tn epitope Nakada et al. 1993; Inoue et al. 1994; Tanaka et al. 1999; Osinaga et al. 2000) .
Several carrier molecules of the Tn antigen, a number of different O-glycosylated proteins, have been described. For instance, in patients with Tn-syndrome, the Tn antigen was detected on glycophorin A and glycoprotein CD42b (Nurden et al. 1982) . The different types of mucins served as the major carriers of the Tn antigen in carcinomas (Ju et al. 2011) . The mouse fibrosarcoma cells Ag104A expressed the Tn antigen in the context of the tumor-associated glycoprotein podoplanin (Schietinger et al. 2006 ). The Tn antigen was detected on the proteoglycans, such as syndecan-3 (Akita et al. 2001) , and sialophorin (CD43) was found to carry a major portion of the Tn antigen on the surface of the Jurkat leukemic cells .
The Tn antigen has been reported to be expressed in 70-90% of breast, lung, prostate, and pancreatic tumors (Springer 1997; Sakai et al. 2010) but little is known about Tn expression on malignant cells of hematopoietic lineage. A few researchers have focused their Tn studies using patient-derived lymphoid tumors. Hence, Aller et al. (1996) have found that some patient's B-cell chronic lymphocytic leukemia cells were positive for the Tn antigen. Then, Lawrie et al. (2006) demonstrated the heterogeneous expression of the Tn antigen on the Reed-Sternberg cells isolated from classical Hodgkin's lymphomas. It should be mentioned that all of the previously generated anti-Tn Abs were obtained after the immunization with carcinoma cells (Hirohashi et al. 1985; Numata et al. 1990; Pancino et al. 1990 ), purified mucins (Reddish et al. 1997; Welinder et al. 2011) or synthetic GalNAc conjugated with bovine serum albumin (BSA) (Oppezzo et al. 2000; Danussi et al. 2009) . No mAbs developed against lymphoid antigens (or cells) were extensively used to analyze the Tn reactivity in details.
Human Jurkat T cells bear a mutation in cosmc gene and have an abolished level of T-synthase activity (Piller et al. 1990; Ju et al. 2008) . This results in the expression of 80% cellular glycans in a truncated GalNAcα-O form, i.e. Tn antigen positive Brown et al. 1996) . Therefore, to study Tn carrier proteins related to the lymphoid cells, we generated mouse monoclonal Abs (mAbs) against Jurkat cells and selected four IgM and three IgG1 anti-Tn mAbs. The specificity of generated mAbs was analyzed by the binding capacity to the natural or synthetic glycans, glycopeptides and glycoproteins. We have determined the binding specificity of each Ab with the lymphocyte-associated O-glycan carrier proteins. The IgM mAbs were less affected by the peptide sequence for Tn recognition, but rather dependent on the clusterization of GalNAc-Ser/Thr in a polypeptide chain. In contrast to IgM, anti-Tn IgG mAbs recognized the Tn antigen in the context of specific peptide motifs, which were present in CD43 and CD45 proteins. Such specificity of generated IgG mAbs can potentially broaden the applicability of anti-Tn Abs in therapy of individuals with Tn-positive leukemia and lymphoma malignancies.
Results

Generation of anti-Tn mAbs
As demonstrated previously, T and Tn antigens were involved in cell-cell adhesion (Kishikawa et al. 1999; Glinsky et al. 2000) . To explore the specificity and complexity of Tn antigen recognition, we generated a panel of new anti-Tn mAbs where BALB/c mice were immunized with live Jurkat cells. Anti-Tn hybridomas were selected after three rounds of a screening procedure. As the first step, the binding of mAbs to the surface of Jurkat cells was determined by immunofluorescence and flow cytometry (FACS) analysis. Second, in order to discriminate anti-Tn clones among all anti-Jurkat clones obtained, we analyzed the mAbs for the ability to induce the homotypic aggregation of Jurkat cells by using light scattering parameters of FACS (Aussel et al. 1995) . Finally, the hybridomas recognizing surface antigens on Tn negative CEM T cells were excluded. After three hybridizations, we obtained seven clones that were positive for Tn+ Jurkat T cells, negative for Tn− CEM T cells and induced homotypic aggregation of Jurkat cells. The resulting stable clones were designated as JA1 (IgM), JA2 (IgG1), JA3 (IgG1), JA4 (IgM), JA5 (IgG1), JA6 (IgM) and JA7 (IgM). With the exception of Jurkat cells and human carcinoma cells MCF7, all mAbs listed above did not bind to the surface of many tested lymphoid cells: resting or ConA stimulated primary lymphocytes, neutrophils and cell lines CEM, HUT-78, MOLT-4, MT-2, Raji, Daudi, IM-9, Ramos, NALM-6, K-562, U-937, THP-1 and HeLa.
It has been reported that both Jurkat and MCF7 cells express the carbohydrate Tn antigen . To determine whether cell surface antigens recognized by mAbs have a carbohydrate origin, we explored two methods mild periodate oxidation of cells (Woodward et al. 1985) and inhibition of Ab binding by soluble GalNAc. As shown in Figure 1A , the periodate oxidation of Jurkat cells resulted in the loss of binding of all generated Abs, while the binding of control mAbs MEM-59 (anti-CD43) and LT45 (anti-CD45) was not impaired. With the soluble GalNAc ( Figure 1B) , the binding of all IgM mAbs to the Jurkat cells was inhibited by GalNAc at 50 mM concentration and higher. In contrast, the binding of the IgG mAb to these cells was not affected by GalNAc at the concentration of 200 mM ( Figure 1B , data are shown only for JA5). Thus, all tested mAbs of JA series were highly specific for Jurkat T cells and MCF7 carcinoma cells and recognized a carbohydratedependent epitope. However, the binding of IgG mAbs to the Jurkat cells was resistant to the high concentrations of a soluble GalNAc monosaccharide.
Expression of wild-type cosmc in Jurkat cells abolishes the binding with anti-Tn mAbs
In order to further elucidate the saccharide origin of antigens recognized by Abs, we restored the O-linked glycan synthesis in Jurkat cells. These cells have been shown to bear mutation in T-synthase-specific chaperone gene cosmc resulting in the drastic decrease in T-synthase activity and consequently in the expression of the Tn antigen (Ju et al. 2008) . Jurkat cells were stably transduced with a lentiviral vector containing a wild type (wt) Cosmc IRES green fluorescent protein (GFP) cassette or an IRES GFP cassette in the control. Then, GFP-positive cells were sorted by FACS. The purity of the GFP-positive cell population was more than 97%. Afterwards, Jurkat cells were stained with clones JA5, MEM-59 (anti-CD43), LT45 (anti-CD45) or isotype control mAb. As demonstrated in Figure 1C , Jurkat-wtCosmc cells were absolutely negative for staining with JA5 Ab (low right-hand graph), as well as for the other generated Tn mAbs ( Figure 1D ). Nevertheless, the levels of expression of heavily O-glycosylated proteins CD43 and CD45 were not altered upon the expression of either wtCosmc or GFP, as verified by staining with MEM-59 and LT45 mAbs correspondingly (two middle columns). These data indicated that generated mAbs recognized the Tn antigen, which was no longer exposed to the Abs, when the activity of T-synthase has been restored.
Carbohydrate-binding specificity of anti-Tn mAbs
To explore fine carbohydrate specificity of generated mAbs, we tested the binding capacity of mAbs with a panel of Tn-related synthetic monovalent saccharides. Synthesized glycans were amine functionalized and immobilized on the amino-reactive glass slides (Blixt et al. 2004) or conjugated with polyacrylamide (PAA) and absorbed on the enzyme-linked immunosorbent assay (ELISA) plates (Shilova et al. 2005 ). None of the tested IgM or IgG showed binding to the glycans immobilized on the glass slides directly (data not shown) suggesting inadequate presentation of Tn-related structures for recognition. In contrast, three IgM mAbs showed binding with saccharides conjugated to PAA. All conjugates contained around 20 mol % of glycans, except max GalNAcα, where the polymer was maximally saturated with the Tn saccharide ( 80 mol % accordingly to the high-performance liquid chromatography (HPLC) analysis of sample after acidic hydrolysis). As shown in Figure 2A , only the mAbs of IgM class, i.e. JA1, JA4 and JA6, exerted the binding activity to peptide-free glycans. The mAbs JA1 and JA6 had a similar, but not an identical, pattern of reactivity. They bound not only monosaccharide GalNAcα but other saccharides with a terminal residue of GalNAcα, such as Forssman (Fs) and blood group type A antigens. As the terminal GalNAcα residue was substituted by the other monosaccharide (Galβ, Neu5Acα or GlcNAcβ), the Abs lost the reactivity with glycans, particularly, with Thomsen-Friedenreich (TF) and sialylated GalNAcα. Interestingly, anti-Tn IgM mAbs bound Fs disaccharide GalNAcα1-3GalNAcβ with the higher affinity than the GalNAcα antigen. However, the binding of these mAbs with the analog of Fs disaccharide containing the internal α-residue instead of the β-anomeric form, GalNAcα1-3GalNAcα, was reduced in 2-fold, when compared with the GalNAcα. The reactivity of mAbs with terminal GalNAcα was still preserved in the case of the GalNAcα1-3Galβ disaccharide, or its fucosylated analog, blood group A trisaccharide. Thus, mAbs JA1 and JA6 may not be truly "anti-Tn Abs", but rather be classified as anti-GalNAcα Abs. Unfortunately, the criteria for discrimination between anti-Tn and anti-GalNAcα Abs are not always fulfilled for the other well-known "anti-Tn Abs" (Ando et al. 
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2008). Unlike JA1 and JA6, JA4 mAb did not interact with the terminal GalNAcα residue in di-and trisaccharides, but demonstrated an ability to bind equally to the β-and α-anomers of GalNAc (Figure 2 ). In addition, while JA1 mAb bound GalNAcα (regular) and max GalNAcα conjugates equally, JA4 reacted stronger with max GalNAcα, but JA6 mAb had higher affinity to the GalNAcα. Surprisingly, none of the tested mAbs were reactive to GalNAcα linked to the PAA via the O-serine moiety. Perhaps, the free carboxyl group in the conjugate of GalNAcα-O-Ser may play a negative role for binding with the Ab. However, this was consistent with data reporting that the natural Abs from a large cohort of healthy donors also significantly prefer GalNAcα-to its Ser-containing analog immobilized on the printed glycan array (Huflejt et al. 2009 ). In summary, anti-Tn IgM mAbs preferentially recognized the terminal residue of GalNAcα.
Inhibition of JA1, JA4 and JA6 reactivity with Tn antigen by monovalent GalNAc
In order to confirm the specificity of Ab binding in ELISA and to evaluate the range of its affinities, we used monomeric GalNAcα to inhibit the binding of JA1, JA4 and JA6 mAbs to glycan-PAA conjugates coated on an ELISA plate. Glycans with the highest binding activity to the corresponding mAb were selected to coat the plastic surface and perform the inhibition test. In particular, the inhibition was analyzed for the binding of JA1 and JA6 with GalNAcα1-3GalNAcβ-PAA, whereas JA4 mAbs were tested on max GalNAcα-PAA. As shown in Figure 2B , IC 50 values for the binding of mAbs JA1, JA6 and JA4 were approximately equivalent to 1 mM GalNAcα. These data indicated that binding affinities of anti-Tn IgM Abs to carbohydrate antigens were low, which was consistent with other reports (Brooks et al. 2010) . CD43, CD45 and CD162 are the major proteins carrying Tn antigen on Jurkat cells To identify proteins on the surface of Jurkat cells that were recognized by the generated anti-Tn mAbs, we precipitated antigens from the Rhodamine G6 (R6G)-labeled or -unlabeled cell lysates with mAbs and detected them by the fluorescent immunoprecipitation analysis (FIPA) or western blotting (WB), respectively. Immunoprecipitation (IP) of proteins from R6G-labeled Jurkat cell lysates in Triton X-100 solution revealed that all mAbs precipitated generally two groups of antigens, which migrated on the reduced sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) as a single band of 130 kDa and two or three closely related bands with molecular weights of 190-220 kDa ( Figure 3A ). The differences between anti-Tn mAbs related to the levels of precipitation of indicated bands. JA1, JA5, JA4, JA6 and JA7 mAbs precipitated 190-220 and 130 kDa proteins equally, whereas JA2 mAb predominantly pulled down a 130-kDa protein, and JA3 mAb precipitated exclusively proteins of 190-220 kDa. Likewise, a very similar pattern of protein 
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recognition with mAbs studied was obtained on straight WB (data not shown).
To identify proteins precipitated with anti-Tn mAbs, two bands of 190-220 and 130 kDa after precipitation with JA7 mAb were excised, trypsinized in-gel and analyzed by mass spectrometry (MS). MS identified one CD45 peptide in heavy bands and a number of peptides in lower bands, which corresponded to the CD43 antigen. Based on the electrophoretic mobility of precipitated antigens, we proposed that the 130-kDa protein may consist of two O-glycosylated antigens, CD43 and CD162, which are expressed on Jurkat cells. The group of proteins with molecular weights of 190-220 kDa can be visibly separated into three distinct bands, among which the bands of 190 and 205 kDa were the most intensive. These bands may represent four isoforms of the CD45 molecule: CD45ABC, CD45AB, CD45BC and CD45B (McKenney et al. 1995; Sgroi et al. 1995) , which are also O-glycosylated. The protein with a molecular weight of 220 kDa very likely corresponded to CD45ABC. The isoforms CD45BA and CD45BC have a similar molecular weight and can be visualized as a single band of 205 kDa, while CD45B migrates on a gel as a 190-kDa protein. The isoform CD45R0 is expressed on Jurkat cells at a low level (McKenney et al. 1995) and, therefore, was not detected in WB. To confirm our predictions, the R6G-labeled proteins precipitated with JA1 mAb were ran on the gel in parallel with the previously characterized mAbs anti-CD43 (clone MEM-59), anti-CD45 (clone LT45), anti-CD162 (clone TC2) and anti-CD71 (as control), and the electrophoretic mobility of proteins was compared in FIPA ( Figure 3B , top graph). To further identify the proteins precipitated with anti-Tn mAbs, we analyzed the cross-reactivity of anti-Tn mAbs with commercial mAbs. Precipitated proteins from the gel ( Figure 3A , top panels) were transferred to the blotting membrane and stained with JA1 mAb ( Figure 3A , lower panels), anti-CD43 mAb ( Figure 3C ), anti-CD45 mAb ( Figure 3C ) or anti-CD162 mAb ( Figure 3C ). JA1 mAb, which had the broadest Tn reactivity than all the other Abs, cross-detected all of the precipitated proteins including all three bands (isoforms) of the CD45 antigen ( Figure 3A) . In our experiments, all anti-Tn mAbs precipitated an antigen of 130 kDa, which corresponded to CD43 and/or CD162. IP followed by WB analysis with CD43, CD45 and CD162 mAbs determined that JA1, JA6 and JA7 IgM mAbs had the broad reactivity and recognized all three antigens. In contrast, JA2 exclusively precipitated CD43, JA3 reacted only with CD45 and JA4 and JA5 had the dual reactivity to both CD43 and CD45. However, these mAbs were negative in binding to CD162. CD99, another heavily O-glycosylated protein, which is expressed on the surface of Jurkat cells, was not detected in JA1 immunoprecipitates neither by FIPA nor by WB analysis (data not shown). Thus, using two methods, IP coupled to WB detection and MS identification, we have proved the binding of the new Abs to the CD43, CD45 and CD162 antigens expressed on Jurkat cells.
Analysis of anti-Tn Ab reactivities with glycopeptides from CD43
To analyze the binding sites of anti-Tn mAbs in the molecule CD43, we synthesized an array of glycopeptides from the CD43 protein, the major O-glycan carrier of leukocytes. Glycopeptide synthesis with on-chip enrichment was carried out as described previously . Every peptide consisted of 20 amino acids in average and overlapped with half of their sequence with the next peptides on the array. All or some of the residues of Ser or Thr in the peptides were modified with GalNAcα. Six peptides from CD43 did not have the sites of O-glycosylation and served as negative controls. All glycopeptides were testprinted and screened for the binding with Vicia villosa lectin B4 (VVL) to verify maximal immobilization on a chip. As shown in Figure 4 , all IgM mAbs, i.e. JA1, JA4, JA6 and JA7, displayed a broad reactivity to the CD43 glycopeptides. The binding of anti-Tn IgM mAbs was mostly independent of the peptide sequence adjacent to the modified Ser or Thr. Nevertheless, IgM mAbs seemed to prefer bis-GalNAc peptides in CD43 sequences. For instance, JA4 and JA7 reacted with limited numbers of glycopeptides having only bis-GalNAc. JA1 bound 12 of 14 bis-GalNAc and 3 of 14 single-GalNAc peptides. However, the binding of JA6 with single-and bis-GalNAc peptides was the same. Unlike IgM, IgG mAbs exerted very specific epitope recognition properties. JA2 mAb exclusively bound with the glycopeptide IGASTGSPLPEPTTYQEVSI (glycosylation sites are underlined) and JA5 selectively reacted with the glycopeptide INEGSPLWTSIGASTGSPLP. JA3 did not react with any of 37 arrayed CD43 peptides (data not shown).
Reactivities of anti-Tn mAbs with non-CD43 glycopeptides
To further elucidate the peptide reactivity of anti-Tn mAbs, we evaluated all mAbs on another array of 1700 (glyco) peptides from the different O-glycosylated proteins produced in the lab as described ). The results in Table I demonstrated that the Tn antigen arise from a set of O-linked proteins: mucins, α 1 -chain from the C region of IgA1, ceruloplasmin, podoplanin, CD46 and some others. Unlike preferential binding of JA1 mAb to the bis-GalNAc glycopeptides from CD43, this mAb reacted with more single GalNAc-modified peptides from non-CD43 proteins. IgG mAbs again demonstrated the high specificity to bind peptides. Thus, JA3 selectively reacted with two peptides: one from MUC24 (CD164) and the other belonged to glycoprotein G-2 from the human herpesvirus 2. The common motifs for these peptides were GSPP or GSPAPP. JA5 additionally bound to the CD43-like peptide recognized glycopeptides from MUC24 (CD164), inhibin β and two peptides from the HSV-2 virus, which had an identical motif GSP. JA2 was very specific for CD43 glycopeptide and none of the other 1700 (glyco)peptides were detected.
Moreover, we previously developed a one-bead-one-compound (OBOC) random glycopeptide library for screening of mAbs and serum auto-Abs (Kracun et al. 2010) . The library contains 16,000 unique Tn peptides composed of randomized amino acids as shown in Figure 5 . Staining with JA2 mAb at 1:1000 dilution generated seven positive types of beads that were cleaved and sequenced by MS 2 . All seven glycopeptides identified had more or less sequence similarities to the CD43 glycopeptide IGASTGSPLPEPTTYQEVSI demonstrating highly specific mAb reactivity. 
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In summary, analysis of the Ab binding with a glycopeptide microarray revealed a low selectivity of Tn recognition for IgM mAbs and a highly specific recognition of a Tn-peptide motif by IgG mAbs.
Reactivities of anti-Tn mAbs with mutated MUC1 tandem-repeat glycopeptides
To elucidate whether some amino acid residues have influenced the binding activity of IgM anti-Tn mAbs, we exploited the method of the alanine-mutation walk. For the mutation, we selected glycopeptide representing MUC1 tandem repeats, since all generated IgM mAbs reacted with it. The alaninemutation walk analysis showed that JA1 binding was abrogated, when GalNAc-Ser, but not GalNAc-Thr was mutated to alanine ( Figure 6A ). Similar results were obtained for JA6 reactivity (data not shown). In contrast, the binding capacities of mAbs JA7 ( Figure 6B ) and JA4 (data not shown) were sensitive to the substitution of both Ser and Thr to Ala in the GalNAc peptide. Interestingly, Pro residue at the +3 position turned out to be a critical for binding of all tested Abs with glycopeptides. All the other amino acid residue mutations had no influence on epitope formation and mAb recognition. In summary, the Ser, Thr and Pro residues in the STAP motif of the MUC1 peptide are important for anti-Tn mAb binding.
Discussion
One of the most important tools in studies of the Tn antigen represents mAbs. Different laboratories generated a number of different mAbs designated as "anti-Tn" (Hirohashi et al. 1985; Takahashi et al. 1988; Numata et al. 1990; Avichezer et al. 1997; Oppezzo et al. 2000; Kannagi and Hakomori 2001; Ando et al. 2008; Welinder et al. 2011) . At the 7th Conference on Human Leucocyte Differentiation Antigens, these Abs were assigned as CD175 (Karsten 2002; Cao et al. 2008) . Obviously, CD175 is not homogenous, because it combines a Amino acid residues modified with GalNAcα are underlined. group of mAbs that differ by their fine specificity toward the both carbohydrate and peptide moieties of the Tn antigen (O'Boyle et al. 1996; Reis et al. 1998) and by the ability to recognize antigenic clusters of adjacent or spatially separated O-glycans (Shimizu and Shaw 1993) . As a consequence of complexity of the Tn antigen and the diversity of mAb specificity, the levels of expression and the distribution of the Tn antigen on the surface of cell targets reported by the different laboratories have been found to be controversial (Li et al. 2009 ). To describe the antigenic determinants, which are important for the reactivity of CD175 mAbs with the Tn antigen expressed on lymphoid cells, we established a panel of anti-Tn mAbs and studied their fine specificity. The reactivities of Abs were evaluated by using a set of different targets: Tn-positive natural proteins, synthetic conjugates of GalNAcα or other Tn-related saccharides with non-peptide polymers or peptide oligomers from CD43, MUC1 and other O-glycosylated proteins. The analysis of reactivities of generated mAbs suggested that the Tn antigen determinants are really diverse. The ability of an anti-Tn mAb to recognize a peptide motif determines its strong specificity toward a certain O-glycosylated protein and, consequently, defines the value of the Ab for cancer diagnostic and therapy. Among all of the generated anti-Tn mAbs, three IgG1 potentially met such requirements. They neither bound conjugates of Tn and Tn-related saccharides with PAA nor most of the glycopeptides tested. However, they exerted specificity to recognize the Tn antigen in a certain peptide motif and bind proteins containing this motif. Testing of mAbs on a microarray display of 1700 glycopeptides derived from different O-glycosylated proteins showed that JA3 mAb reacted only with two glycopeptides containing similar motifs GSPP or GSPAPP. JA5 mAb specifically recognized the GSP motif in five independent experiments. JA2 exclusively bound glycopeptide from CD43 (IGASTGSPLPEPTTYQEVSI), which had two double and quite different clusters of glycosylation. The binding experiment to a randomized Tn-peptide library further suggested that the major recognition motif for anti-Tn IgGs was the ASTGSP sequence. The similar high-protein selectivity of some anti-Tn Abs has been reported before. For example, PMH1 (IgM) mAb recognized GalNAc only in the MUC2 glycopeptide (Reis et al. 1998) , mAb SM3 (IgG1) selectively recognized the PDTR motif (Dokurno et al. 1998; Moller et al. 2002) and mAbs 5E5 and 2D9 (both IgG1) (Tarp et al. 2007 ) reacted specifically to GSTAPP and GSTAPP motifs, respectively both from the MUC1 tandemrepeat domain. Anti-Tn mAb 237 (IgG2a) specific for the motif GTKPP from podoplanin was reported by Brooks et al. (2010) . Thus, we have supplemented a list of peptide-specific anti-Tn mAbs and reported new IgG1 mAbs specifically recognizing cancer-associated truncated (i.e. Tn-positive) glycoforms of CD43 and CD45 with no cross-reactivity toward the normally glycosylated proteins. As previously shown by NMR, O-glycosylated peptides have specific open-rigid-like structure of peptide backbone, which is predominantly sustained by the first residue of GalNAcα-O-linked to Thr/Ser and retained after O-glycan elongation (Coltart et al. 2002) . Hence, it is logical to propose that anti-Tn IgG mAbs can recognize such structures without the immediate binding to GalNAc moiety. In this case, "anti-peptide" mAbs have to bind proteins from cells with normal O-glycan extension, such as Jurkat-wtCosmc cells. However, in our study, none of IgG mAbs stained these cells. This result suggests that GalNAcα moiety is likely included in the recognition epitope of JA2, JA3 and JA5 mAbs, However, the final conclusion about the specificity of the anti-Tn IgG mAbs can be made by the X-ray analysis of antigen-Ab crystal structures, as was demonstrated for anti-Tn mAb 237 (Brooks et al. 2010) .
Unlike IgG mAbs, the binding of JA1, JA4 and JA6 mAbs to the Tn and Tn-related saccharides conjugated with PAA indicated that IgM mAbs may recognize the Tn antigen independently of the polypeptide sequence. However, testing them on glycans conjugated with a PAA polymer at the different densities revealed that JA4 reactivity was dependent on the formation of Tn clusters, but the binding of JA1 and JA6 were obviously cluster-independent. These data consisted with the other results obtained for these mAbs on the alanine-scanning mutation array. CD43 and non-CD43 glycopeptide microarrays did not confirm the Tn-cluster-dependent binding of IgM mAbs, except of JA7, which did preferentially bound targets with tandem GalNAc. Traditionally, the capacity of anti-Tn Abs to bind glycopeptides with two or three consecutive 
Analysis of Tn antigenicity with a panel of new antibodies
GalNAc moieties explained by the recognition of several Tn units as a single cluster, so-called "minimum recognized structure" Nakada et al. 1993; Inoue et al. 1994) . However, there can be a different interpretation of such an observation. It is known that the clusterization of Tn units renders the polypeptide chain to a rigid and elongated conformation (Live et al. 1999) and results into the maximal exposure of GalNAc (Coltart et al. 2002) . Thus, the anti-Tn mAb may directly bind with a single residue of GalNAc, and the other residues in the carbohydrate cluster would just be necessary for the maintaining of an open rigid-like structure of the protein carrier. In accordance with this model, VVL can bind glycopeptides via single GalNAc, based on the X-ray structure of VVL (Babino et al. 2003) , but nevertheless the affinity of its binding was demonstrated to depend on Tn cluster formation (Kato et al. 2008) . Interestingly, none of the Abs reacted with Tn-spacered antigens monovalently immobilized onto a glycan microarray (Blixt et al. 2004 ), but reacted with Tn-spacered antigens conjugated to PAA further supporting the cluster effect.
All generated IgM mAbs were characterized by a myriad of glycopeptides, which they reacted with. Although the peptide sequence had the least effect on IgM binding, the MUC1 tandem-repeat glycopeptide array showed the role of Pro at the +3 position relative to Ser-O-GalNAc. The molecular modeling indicates that O-3 in O-GalNAc can potentially form a hydrogen bond with the NH group of the amino acid residue at the +3 position (Butenhof and Gerken 1993) . That may impede the Tn epitope exposure for recognition by the mAb, but not in the case of Pro, which does not have such a group to make a hydrogen bond. In addition to Pro at +3, scanning mutation showed that JA1 and JA6 bound single GalNAc coupled with Ser, but not with the Thr residue. Based on these data, we propose that the SXXP motif which is broadly represented in proteins CD43 and CD162 and all isoforms of CD45 can serve as a more favorable recognition structure for JA1 and JA6 mAbs. These results together with data showing that JA1, JA4 and JA6 bound GalNAc conjugated to PAA suggested that it is unlikely that peptide motifs create a Tn recognition epitope for IgM mAbs, but rather interfere with the Ab in GalNAc binding.
As the leukemic Jurkat cells are deficient in T-synthase activity, they are expected to carry the Tn antigen on all O-glycosylated proteins expressed on the cell surface. The Tn antigen on the Jurkat cells was reported previously to be associated largely with the CD43 antigen (Ando et al. 2008) . We have confirmed the reactivity of our anti-Tn mAbs with CD43 and, for the first time, demonstrated the presence of the Tn antigen on CD45 and CD162. All listed antigens belong to mucin-like glycoproteins. Mucins are characterized by the high frequency of Thr, Ser and Pro in the polypeptide sequence, which are mostly O-glycan modified and have a rod-like shape of the external domain (Shimizu and Shaw 1993) . Another O-glycosylated protein expressed on Jurkat cells, CD99, was not detected in precipitates with any of our mAbs. Unfortunately, structural data for CD99 are currently not available and this antigen does not share any similarity with known groups of proteins (Kreppel et al. 2005) . The sequence of the CD99 extracellular domain contains only a single residue of Thr, which is potentially O-glycosylated. Perhaps, a single site of O-glycosylation in the CD99 protein cannot unfold this molecule in a rod-like shape and leaves the Tn epitope masked.
In summary, we generated and characterized seven mAbs specific for the Tn antigen, associated with carrier proteins CD43, CD45 and CD162 (Table II) . Three anti-Tn IgG mAbs selectively recognized specific peptide sequences from CD43 and CD45, which virtually represent tumor-associated glycopeptide antigens. Consequently, these newly generated mAbs may not only extend the studies of Tn antigenicity, but more importantly be useful in diagnostic and Ab therapy of hematopoietic cancers.
Materials and methods
Cells and mAbs
Human cell lines (Jurkat, CEM, HUT-78, MOLT-4, MT-2, Raji, Daudi, IM-9, Ramos, NALM-6, K-562, U-937, THP-1, HeLa, MCF7 and 293T) were purchased from ATCC (Manassas, VA). All cell lines except HeLa, MCF7 and 293T were maintained in the RPMI 1640 medium supplemented with 10% fetal calf serum. Cell lines HeLa, MCF7 and 293T were cultured in modified Dulbecco's modified eagles medium (DMEM) supplemented with 10% fetal calf serum. Peripheral blood mononuclear cells of healthy donors were isolated by a Ficoll density gradient centrifugation. The Abs LT45 (IgG2a, anti-CD45), H7 (IgG1, anti-CD45), 4E3 (IgG2b, anti-CD71) and TC2 (IgG2a, anti-CD162) were produced in our laboratory earlier (Filatov et al. 2007 ). The Ab 
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MEM-59 (IgG1, anti-CD43) was purchased from Exbio (Czech Republic).
Generation of mAbs BALB/c mice were injected intraperitoneally three times with 10 7 Jurkat cells. Spleen cells were fused with Sp2/0 mouse myeloma cells according to the standard techniques and pipetted into 96-well tissue culture plates. After 2 weeks, hybridoma culture supernatants were harvested and tested for staining of Jurkat cells by indirect immunofluorescence using a FACScan flow cytometer (BD Biosciences, San Diego, CA). The positive cultures were cloned.
Immunofluorescence staining and flow cytometry For immunofluorescent staining, a pellet containing 1 × 5·10 5 cells was mixed with 25 μL of unlabeled primary Abs and incubated at 4°C for 30 min. The cells were washed twice with phosphate-buffered saline (PBS) and precipitated by centrifugation at 320 × g for 5 min. Then, the cells were incubated with fluorescein isothiocyanate (FITC)-labeled secondary Abs, i.e. F(ab′) 2 fragments of sheep Abs to mouse Ig (Sigma, St. Louis, MO), or goat anti-mouse PE-labeled Ab (Santa Cruz Biotechnology, Santa Cruz, CA) and washed subsequently. The stained cells were analyzed using FACScan flow cytometer (BD Biosciences). The levels of fluorescence were measured and expressed as a mean intensity of fluorescence (MFI). The cells treated only with the secondary Abs were used as a negative control. In some experiments, we used cells fixed with 4% formaldehyde before immunofluorescent staining.
Plasmids and transfections
The lentiviral expression plasmid pUCHR Cosmc IRES GFP encoding human cosmc gene was constructed by subcloning of C1GALT1C1 (Cosmc) ORF from pCMV SPORT6 C1GALT1C1 plasmid (Open Biosystem, Lafayette, CO) into pUCHR IRES GFP bicistronic vector (Mazurov et al. 2010) using EcoRI/XmaI sites of restriction. To generate virus like particles (VLPs), human kidney cells 293T were co-transfected with the Cosmc vector, HIV-1 packaging plasmid pCMVΔ8.2R (Naldini et al. 1996) and pCMV VSV-G plasmid encoding protein G from vesicular stomatitis. Transfection was carried out with the LF2000 transfection reagent (Invitrogen, Carlsbad, CA) at a plasmid ratio 6:4:1, respectively. Forty-eight hours later undiluted supernatants containing VLPs were used to infect Jurkat cells. Cells stably expressing wtCosmc were then enriched by using FACSAria sorting instrument (BD Biosciences) and directly utilized in experiments.
Periodate oxidation Jurkat cells fixed in 4% paraformaldehyde were treated with 5 mM sodium m-periodate in 50 mM sodium acetate buffer ( pH 4.5) containing 100 mM NaCl for 30 min. Aldehyde groups generated by periodate oxidation were reduced with 50 mM sodium borohydride in PBS for 30 min (Woodward et al. 1985) . All treatments were performed at room temperature in the dark with solutions made ex tempore.
Enzyme-linked immunosorbent assay
The Ab reactivity against synthetic saccharides was evaluated by using ELISA. Microplates (MaxiSorp, Nunc, Roskilde, Denmark) were coated with 10 μg/mL of conjugate of saccharides with PAA in 50 mM NaHCO 3 buffer ( pH 9.6) overnight, at 4°C. After extensive washing with PBS, wells were blocked with 100 μL of 1% BSA in PBS for 1 h. Then, mAbs (hybridoma supernatants) were pipetted into the microplate and incubated for 1 h at room temperature. After washing with PBS-Tween (PBST), the horseradish peroxidase (HRP) conjugate of goat anti-mouse IgG (Bio-Rad, Hercules, CA; diluted 1:3000) was added to the wells for 1 h. The microplate was washed 3-4 times with PBST. The reaction was developed by applying the tetramethylbenzidine substrate for 20-30 min and stopped with 5% sulfuric acid. The resulting color development was detected at 490 nm using Multiskan MCC/ 340 MK II (Titertek, Flow Laboratories, McLean, VA). To evaluate the inhibitory effect of soluble GalNAc on Abantigen binding, the primary mAbs were mixed, first, with GalNAc solubilized in PBS at the different concentrations and then pipetted into the microplate.
Fluorescent IP analysis
The labeling of cells with amino reactive fluorescent dye R6G (Sintol) was performed as described previously (Filatov et al. 2007) . Briefly, 4 × 10 7 cells were washed with PBS ( pH 7.4) three times and resuspended in 1 mL of PBS ( pH adjusted to 8.0). Then, 50 μL of R6G succinimide ester stock solution in dimethyl sulfoxide (DMSO) (3 mg/mL) was added to the cells twice with 10 min interval. The reaction was stopped with 10 mM glycine in PBS ( pH 7.4) followed by washing of cells with ice-cold PBS three times. Cells were lysed in 1 mL of buffer containing 20 mM Tris-HCl ( pH 8.0), 1% Triton X-100, 150 mM NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA) and 1 mM phenylmethylsulfonyl fluoride (PMSF) for 30 min at 4°C.
Cell debris was pelleted at 20,000 × g for 10 min at 4°C. The lysates were cleared by rotation with normal mouse IgG covalently linked to CNBr-Sepharose at 4°C for 1 h and then with Protein A agarose beads (Pierce, Rockford, IL) loaded with normal mouse IgG for another 1 h. Precipitations of precleared lysates with specific Abs were carried out by using Protein A agarose beads preloaded with a rabbit anti-mouse serum first and then with the mouse mAb. Samples were precipitated under rotation overnight at 4°C. Afterwards, the beads were washed four times in the lysis buffer. The proteins were eluted by heating beads in the SDS sample buffer at 80°C
for 5 min and separated by 8% PAGE under reducing conditions. After electrophoresis, the proteins on a gel were visualized using Molecular Imager FX Pro fluorescence scanner (Bio-Rad).
Immunoblotting
Proteins from the gel were transferred to the nitrocellulose blotting membrane using Mini Trans-Blot apparatus (Bio-Rad) according to the manufacturer's instruction. The blotting membranes were blocked with 5% (w/v) dry non-fat milk in PBS containing 0.1% Tween 20 (PBST) for 1 h and then stained with primary Abs for 1-2 h in milk PBST. The Analysis of Tn antigenicity with a panel of new antibodies membranes were washed three times with PBST and probed with the secondary HRP-conjugated anti-mouse Abs (Bio-Rad). Blots were washed again with PBST three times and immunoreactive bands were detected with Immobilon™ Western ECL reagent (Millipore) on Molecular Imager ChemiDoc XRS instrument (Bio-Rad).
Glycopeptide array
Most peptides and Tn-peptide microarrays were synthesized as described previously , and some were purchased from Schafer-N (Copenhagen, Denmark). Up to 1700 peptides and glycopeptides were available for the study. The sites of glycosylation were confirmed by MS analysis. For some peptides, an additional N-terminal lysine residue was introduced to improve its conjugation to the slide. Printing of the microarray slides was performed using a BioRobotics MicroGrid II spotter (Genomics Solution) with a 0.21-mm pitch using Stealth 3B Micro Spotting Pins (Telechem International ArrayIt Division). Scanning of the slides was performed on a ProScanArray HT Microarray Scanner (PerkinElmer) followed by image analysis with ProScanArray Express 4.0 software (PerkinElmer). Data were analyzed and plotted using Microsoft ® Excel or GraphPad Prism software. After printing, the microarrays were blocked with the blocking buffer (50 mM ethanolamine, 0.05 M Na 2 B 4 O 7 , pH 8.5) for 1 h at room temperature. The slides were then washed three times with PBST (0.5%). The slides were stained with the JA mAbs at a 1:1000 dilution in staining buffer for 1 h at room temperature without shaking. After washing the slides three times with PBST (0.5%), they were stained with anti-mouse-IgG-Cy3 at a 1:1000 dilution in staining buffer for 1 h at room temperature. The slides were then washed three times with PBST (0.5%) spun dry and scanned.
Glycopeptide OBOC library
From the random Tn-glycopeptide bead library, synthesized as described previously, an aliquote (MeOH, 3 mL bead slurry) of 30,000 beads were taken and washed with water (10 volumes). Beads were stained with the JA2 Ab diluted 1:1000 with PBS staining buffer (0.5 M NaCl, 3 mM KCl, 1.5 mM KH 2 PO 4 , 6.5 mM Na 2 HPO 4 , 1% BSA, 1% Triton X-100, pH 7.4) for 1 h with shaking at room temperature. The beads were then washed three times with PBST (0.5%) and stained with a secondary Ab (anti-mouse-IgG-AP) at a 1:500 dilution in PBS-staining buffer for 1 h with shaking at room temperature. After additional washing [PBST (0.5%)], ready-to-use BCIP/NBT substrate for alkaline phosphatase (10 mL) was added and the suspension was incubated at room temperature for 15 min. After color developed, the reaction was stopped by washing the beads with MeOH 2 times. PBST (0.5%) was added and beads were transferred to a plastic Petri dish and the positively stained beads were picked out by hand using a low-volume pipette. To the selected beads, 50 μL of a reduction cocktail [6.6 mM NaBH 4 and 6 mM I 2 in tetrahydrofuran (THF)] was added and incubated for 20 min without shaking at room temperature. The reduction cocktail was removed and 5 μL of the cleavage cocktail were added trifluoroacetic acid (TFA:TES:water = 95:2:3) and incubated for 30 min after which the liquid was left to evaporate overnight.
Electrospray-ionization MS was performed on a linear ion trap-Orbitrap hybrid instrument (LTQ-Orbitrap XL, Thermo-Scientific, Bremen, Germany) equipped for multistage fragmentation (MS n ) via conventional collision-induced dissociation (CID) higher energy CID in an external octopole collision cell and electron-transfer dissociation using fluoranthene anions generated in an external chemical ionization source, with the capability of supplemental activation in the LTQ ion trap. The instrument was controlled using Thermo LTQ Orbitrap XL Tune Plus 2.5.5 (Thermo Fischer Scientific, Waltham, MA). Acquired spectra were processed and analyzed using Xcalibur Qual Browser 2.0.7 (Thermo Fischer Scientific). The samples were analyzed as described previously (Kracun et al. 2010) .
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